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Abstract

The effects of various dopants including Zr*", Ce*" and Ca®" on the structure and oxygen
permeability of B-site doped BaFeooMg05X0.0503.5 (BFM-X) perovskite-type oxygen transport
membranes were studied. Slight X cation doping could stabilize the cubic structure of BFM-X
perovskite down to room temperature. XRD, SEM and thermogravimetric results revealed that
all the cubic BFM-X oxides exhibited good phase stability under argon atmosphere without any
phase changes. The weight loss of BFM-Ce from TG analysis suggests the reduction of cerium
ions at high temperatures, which may account for its larger electrical conductivity and higher
oxygen permeability comparing to BFM-Zr and BFM-Ca membranes. X-ray photoelectron
spectroscopy (XPS) data revealed that Ca dopant with larger size caused the mismatch with Fe
ions and led to the substitution of Ca ions at both Fe and Ba site in BFM-Ca oxide, being
detrimental to electrical conductivity and oxygen permeation. Among these membranes, BFM-
Ce has the highest oxygen permeability and good long term permeation stability under air/argon

gradient, thus it was recommended as a potential and promising material for air separation.
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1. Introduction

Oxygen transport membranes (OTMs), made of mixed ionic-electronic conductors, have
attracted considerable attention because of their potential applications in wide areas, such as
oxygen separation from air [1, 2], CO, capture and utilization [3-5], and chemical reaction
coupling with separation process [6, 7]. In the past decades, many OTMs were developed to
carry out the above applications. Among them, cobalt-containing perovskite-type (ABO3)
membranes (e.g. SrCoosFe20s5) exhibit relatively higher oxygen permeability, since cobalt is
beneficial to the activation of oxygen molecules [8, 9]. Even so, only few cobalt-containing
membrane materials could be operated steadily either at intermediate temperatures
(approximately T = 500 — 800 °C) or under reducing environments (e.g. CHa4, Hy) due to their
limited stabilities. Many efforts have been made to develop cobalt-free materials with all desired
properties: good oxygen permeability, high thermal and chemical stability, and low cost. For
example, Ishihara et al. developed a cobalt-free LaGaO; based perovskite-type membrane [10].
However, the use of expensive gallium increases the cost significantly and thus limits the large-
scale use of this material. Kovalevsky et al. designed another Co-free membrane made of
(Pro.9Lag.1)2(Nig.74Cug.21Gag 05)O4+5 with KoNiF4-type structure [11], but the oxygen-permeation
flux was low (about 0.06 cm® min™ cm™ at 800 °C for a membrane thickness of 0.2 pm).

Owing to the better redox stability of iron, Fe-based perovskite-type membranes have been
recently approved to be a good alternative to cobalt-containing membranes [12-14]. In particular,
we have previously shown that Fe-based Bag¢Sro4FeO;5 membranes possessed good oxygen
permeability and high phase stability at high temperatures under low oxygen partial pressure
atmosphere by Mg-Zr codoping strategy at the B-site of perovskite structure, where the positive

aspects of two single-element dopings on oxygen vacancies and tolerance factor of
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Bay ¢St 4FeOs.5 were combined [15]. Generally, partial substitution of B-site cation in perovskite
structure with dopant of a large ionic radius can reduce the structural mismatch and stabilize the
cubic structure [16-18], on the other hand doping cation with a low valence state can increase the
amount of oxygen vacancies in perovskite-type membrane, resulting in a higher oxygen
permeability [19, 20]. Therefore, instead of doping Zr*" cation in the previous codoped
Baj ¢Srp4FeOs.s membranes, dopants with larger ionic radii and lower oxidation states than 7t
should improve the oxygen permeability of the codoped membrane, whilst maintain the phase
stability. Among the possible substituents, Ce and Ca have relatively larger size and lower
oxidation state than Zr (0.87/1.02 A/ for Ce4+/Ce3+, 1.0 A for Ca2+, 0.72 A for Zr*" in 6-fold
coordination) [21] and were able to effectively improve the oxygen permeability of BaFeO;.;
membranes [18, 22]. Note that the oxidation states of Ce ions in perovskite are variable at high
temperature or/and under low oxygen partial pressure atmospheres because of thermal or/and
chemical reduction [23, 24].

Following our previous work [15], Ce and Ca were employed as the dopant in the present
work to replace Zr in the B-site of codoped perovskite structure for further understanding the
codoping effect on the properties of perovskite-type oxygen-transporting membranes. For this
purpose, Mg-containing BaFe(9sMgp 0503 was taken as the parent perovskite material of which
B-site was also doped with Zr, Ce and Ca cations of different oxidation states and ionic radii. The
phase stability and oxygen permeability of BaFe)oMg0sX00s03 (BFM-X, X= Zr, Ce, Ca)
membranes were studied with the emphasis on a possible correlation between dopant property

and membrane performance.
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2. Experimental

2.1 Powder and membrane preparation

The powders of BaFeooMg.05X0.0503.5 (BFM-X, X=Zr, Ce, Ca) were synthesized by
a combined citric acid and ethylene-diamine-tetraacetic acid (EDTA) method.
Stoichiometric amounts of nitrates were dissolved in deionized water. Then EDTA and
citric acid were added to the nitrate solution at a molar ratio of 1 : 1.5 : 1 to the total of
metal cations. The pH value of the solution was adjusted to around 9 using NH3-H,O. The
solution was subsequently heated with stirring on a heating plate at 120 °C until a dark
purple gel formed. After pre-calcination at 600 °C for 5 h, the resultant powder was
calcined at 950 °C for 10 h to obtain the powder with the final composition. The calcined
powder was uniaxially pressed at 100 MPa into green bodies and sintered in ambient air

at 1300 °C for 10 h to form dense membrane disks for oxygen permeation measurements.

2.2 Membrane characterization

The phase composition and crystal structure of BFM-X membranes were analyzed by X-ray
diffraction (XRD) using a Bruker D4 ENDEAVOR diffractometer with CuKa in the 20-80°
range. In order to evaluate the phase stability of the materials in low oxygen partial pressure
atmosphere, the membranes were annealed in a furnace at 900 °C for 24 h in argon. The surface
structure and morphology of these membranes before and after annealing were examined using
XRD and scanning electron microscopy (SEM, LEO 982), respectively. X-ray photoelectron
spectroscopy (XPS) of BFM-Ca membrane fractured in an ultra-high vacuum was also
performed on a PHI 5000 Versa Probe II (ULVAC-PHI, Inc) model X-ray photoelectron

spectrometer instrument (Al Ko radiation, [Jv = 1.486 keV, 50 W). Thermogravimetric analyses
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(TGA) of BFM-X oxides were carried out using a NETZSCH STA 449F3 instrument. The
powders, loaded in Al,O5 crucibles, were heated to 900 °C in dry air atmosphere at a rate of 5 °C
min™'. The weight loss behaviors of BFM-X oxides were measured in air and argon atmospheres.
The DC four-probe technique was applied to measure the electrical conductivity from 900 to
450 °C in air with a Keithley multimeter (Model 2001). Before measurement, the bar samples
(sintered at 1300 °C for 10 h and having a relative density of over 95%) were polished to have a

dimension of about 1 x 3 x 16 mm.
2.3 Oxygen permeation measurement

Oxygen permeation studies were carried out using air as feed gas and argon as sweep gas
using a lab-scale quartz reactor, which is described in a previous paper [25]. The disc-shape
membranes with an open diameter of 13 mm and a thickness of 1 mm were sealed by two gold
rings on both sides in the glass tube. All the inlet gas flow rates were controlled by gas mass flow
controllers (Bronkhorst, Germany). Air was introduced into the feed side with a flow rate of 250
cm’ min”' and Ar with a flow rate of 50 cm’ min” was swept on the permeate side. The
permeated gas was analyzed by a mass spectrometer (Omnistar, Pfeiffer Vacuum). The nitrogen
concentration in the permeated gas was also measured to determine the leakage. It is acceptable
for permeation measurement when the amount of leakage oxygen is typically less than 1 % of the

total amount of the permeated oxygen.
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3. Results and discussion

3.1 Crystal structure

The phase composition and crystal structure of the as-prepared BFM-X oxides were
characterized by room-temperature XRD as presented in Fig.1. It is well known that perovskite
oxides of the composition ABO;, where A and B denote two different cations, have several lattice
symmetries. The ideal structure of perovskite is a cubic lattice, when the ionic size of the A-site
cation (12-fold coordination), the B-site cation (6-fold coordination) and the oxygen ion meet the
requirement of rp + ro = V2 (rg + ro), where ru, g, and ro are the ionic radii of A site cation, B
site cation and oxygen ion, respectively. Although few compounds have this ideal cubic
structure, many perovskite oxides have slightly distorted variants with lower symmetry (e.g.
hexagonal, orthorhombic, etc.). The deviation from the ideal structure in perovskite oxides is

expressed through tolerance factor, t:

_ _Iatro
B \/E(TB'HO) (eq' 1)

When the tolerance factor is greater than 1.0, a hexagonal structure tends to form. As shown in
Fig.1, the single Mg element doped BaFe9sMgj0503.5 oxide displays a hexagonal perovskite
structure of which the tolerance factor is 1.036 or 1.065 estimated assuming Fe in the valence of
Fe’™ (HS, 0.645 A) or Fe*" (0.585 A), respectively. This observation is quite common for
perovskite oxides with a large mismatch in the size of A and B site cations [16]. Surprisingly,
only 5 mol.% of X ion (i.e., Zr, Ce, Ca) doped at the B-site of BaFe(9sMgp 05035 was able to
transform the hexagonal structure to cubic perovskite structure without any detectable impurity,
suggesting that X dopant is dissolved into the host material BFM. As mentioned before, the radii

of Zr*", Ce*" and Ca®' are all larger than Fe ion [21], indicating that the tolerance factor of
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codoped BFM-X perovskite decreases gradually to the unity with increasing the radius of X ion
from Zr to Ca. In addition, the doping of these ions would result in an expansion of the BFM unit
cell, and this expansion is reflected by the XRD peak shift to the small angle regions gradually
(Fig.1). It should be noted here that XRD peaks of BFM-Ca membrane further shift toward the
small angle regions compared to that of Zr-doped and Ce-doped membranes, indicating that the
lattice parameter of Ca-doped BFM is the largest among the BFM-X oxides. Consequently, the
Ca”" dopants are mainly occupying the B-site of BFM-Ca structure because A-site doping on the
larger Ba*"-sites would presumably lead to smaller lattice parameters. It is also noted that
BaFeoMgo 05Z100s03-5 (BFM-Zr) is a cubic perovskite while BaFeooMgy 1035 (BFM) has a
hexagonal phase although the radius of Mg>" (0.72 A) is the same as that of Zr*" (0.72 A), which
is similar to the observation of Zn>" doped SrCog.95Zn¢ 0503-5 and Sc** doped SrCog.955¢0.0503-5
[26]. These observations suggest that the valence state of dopant has an influence on the crystal
structure of perovskite. In summary, the XRD studies indicate that all dopants including Zr, Ce
and Ca ions were incorporated at the B-site of BFM with reducing the mismatch between Ba and

Fe cations. As a result, the phase transition to a cubic perovskite structure occurs.
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Fig. 1. XRD patterns of as-prepared BFM-X membrane sintered at 1300 °C for 10 h

It is well known that the ionic radii of dopants have significantly affected on their site
occupancy in perovskite structure [27-29]. Taking BaZrysM;,035 (M = Sc, Eu, Sm, Dy) as
examples, Sc cation having a radius comparable with that of Zr cation only occupied the B-site
of BaZrOs;. However, relatively larger Eu, Sm and Dy cations occupied both the A- and B-site of
BaZrOs [27]. The radius of 6-fold coordinated Ca®" is 1.0 A, which is much larger than that of Fe
ion. So, the site occupancy of Ca cation in BFM was evaluated using XPS measurement. It
should be pointed out here that this method has been used to confirm the occupation status of Ca
cation in BaFeOs;_; [22]. Fig. 2 presents the core level XPS spectra of Ba 3d, Mg 1s, O Is and Ca
2p of BFM-Ca membrane at room temperature. Fig.2b shows that the Ba 3d consists of two
peaks at 778.32 and 793.62 eV which were assigned to Ba atoms in the BFM-Ca perovskite
structure [30], while two subpeaks at about 779.56 and 794.86 eV probably related to relaxed Ba
phase caused by oxygen vacancies and other residual defects [31]. It was clear that the Mg had a
single chemical environment in the cubic perovskite structure of BFM-Ca. The O 1s spectra in
Fig.2d presented three peaks, with binding energy (BE) value at 528.3, 529 and 530.9 eV. The
peak at 528.3 eV was attributed to O lattice oxygen species, while the peaks at 529 and 530.9
eV correspond to adsorbed oxygen species at the surface (i.e. O,°, O") and OH/CO;*,
respectively [32]. Remarkably, it can be seen from Fig.2e that each of the Ca 2p1/2 and Ca 2p3/2
peaks are fitted well with two peaks separated by around 0.93 eV, indicating two different
chemical environments of Ca i.e., A-site with 12-fold coordination as well as B-site with 6-fold
coordination in BFM-Ca material. The Mg KLL Auger peak at 348.3 eV [33] was also included
in the image. The Ca 2p doublet at the lower binding energy region with relatively higher

intensities were designated as Ca atom substituted at Fe site in BFM-Ca [34]. The higher binding
9
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energy peaks, i.e. 349.2 and 345.7 eV, could be assigned to Ca atom at the A-site of BFM-Ca
perovskite [35, 36]. Such A-site substitution of Ca dopant in BFM-Ca oxide will cause B-site
cation deficiency which may result in the formation of impurity phases and have some effect on
the oxygen permeability of BFM-Ca membrane,[37] which will be discussed separately below.
These results indicate that the codoped BaFe)oMgp 05X0.0503.5 (X= Ce, Ca) oxide can still
adopt cubic perovskite structure when the doping ion has a larger size than Zr*". But, it was
found that the largest Ca dopant may not only occupy the B-site of the perovskite structure but
also tend to incorporate onto the A-site. Therefore, the occupation status of X cation in BFM was

related to the radius of doping ion, which is in accordance with the previous studies [27-29].
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Fig. 2. XPS results of BaFe; Mg 05Cag.0503-5 (BFM-Ca) membrane (a), Ba 3d (b), Mg 1s (¢), O

Is (d) and Ca 2p (e).
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3.2 Phase stability

Good phase stability in a wide oxygen partial pressure range is an essential requirement for
air separation process using oxygen transport membrane, since one side of the membrane is
always exposed to atmospheres with low oxygen partial pressure. To gain insight into the effect
of X doping on the phase stability of BFM membrane, BFM samples doped with Zr, Ce and Ca
cations were heat-treated at 900 °C for 24 h under an argon atmosphere (i.e. pO, = 10 bar) and
then examined by means of XRD and SEM. As shown in Fig. 3, Ar-treated BFM-Ce and BFM-
Ca membranes maintained their cubic perovskite structure without new phases, the same as that
of BFM-Zr membrane, indicating the good phase stability under Ar atmosphere. Note that no
additional phases were observed for the treated BFM-Ca membrane even if there may be some
calcium ion at the Ba site of the lattice. Thus, it could be expected that all three BFM-X
membranes are capable of long-term operation for air separation. Fig.4 presents the morphology
of these membranes before and after annealing under argon atmosphere. All the treated BFM-X
membranes still had clear grain boundaries with dense structure. No impurity phase was
observed on the surface of the treated membranes. These observations are consistent with the
XRD results in Fig.3, revealing good phase stability under low oxygen partial pressure

atmospheres.

11
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Fig. 3 XRD patterns of (a) BFM-Zr, (b) BFM-Ce and (c) BFM-Ca membranes treated at 900 °C

for 24 h under Ar atmosphere.

Fig. 4 SEM images of (a, d) BFM-Zr, (b, ¢) BFM-Ce and (c, f) BFM-Ca membranes before (a-c)

and after (d-f) Ar treatment.
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For a more precise evaluation of the effect of X doping on the stability of BFM, the weight
alteration (gain or loss) behaviors of BFM-X oxides were measured by TG under the
temperature-programmed conditions in air and argon atmospheres, the results of which are
shown in Fig.5. All BFM-X samples exhibited a similar trend, i.e. 1) a gradual weight loss in air;
2) a fast initial weight loss followed by a continuous and steady decrease in argon; 3) a weight
gain with a plateau after exposure to air once again. The initial weight loss should be associated
with the removal of adsorbed species such as H;O and CO, from the ambient atmosphere after
synthesis below 400 °C, while the continuous weight loss at higher temperatures was attributed
to the thermal reduction of Fe ions and the release of lattice oxygen in BFM-X structure [22].
Once the atmosphere was changed to Ar, the oxygen partial pressure of the exposure atmosphere
decreased significantly, which caused additional chemical reduction of Fe ions, resulting in a fast
loss of lattice oxygen [38]. Thereafter, all BFM-X samples showed a smooth monotonic weight
loss in Ar, reflecting another slight and gradual loss of lattice oxygen without new phases
formation, as confirmed by XRD results in Fig.3. When the atmosphere was shifted back to air,
oxygen uptake caused re-oxidation of iron ions and thus resulted in weight gain of BFM-X
samples. After this oxidation stage, the weights of BFM-X gradually got back to the stabilized
value during the previous air-exposure period. This provided further evidence that BFM-X
membranes were chemically stable under Ar atmosphere. Among these three materials, the
weight loss of BFM-Ce in Air and Ar atmosphere was relatively greater. This may be attributed
to the extra oxygen loss by thermal and chemical reductions of cerium ions (Ce*" + ¢ — Ce’") at
high temperatures [23, 24], thus after Ar exposure-period the weight gain to the steady state of
BFM-Ce oxide took a longer time than that of BFM-Zr and BFM-Ca. To fulfill the electric

neutrality criteria, the Ce’” ions from the reduction should facilitate the formation of oxygen

13
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vacancies and enhance the oxygen ion conductivity in BFM-Ce. Overall, after a redox cycle
between air and argon at 900 °C, all BFM-X oxides presented almost completely reversible
weight changes, indicating that these oxides had good phase stability under low oxygen partial

pressure argon atmosphere.
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Fig. 5 TG analysis of BFM-X (X = Zr, Ce and Ca) oxides in Air and Ar atmospheres.

Derived from TG data shown in Fig.5, the changes of the oxygen non-stoichiometric (Ad)

of BFM-X oxides with temperature in air were calculated according to eq.2.

Aw Mg
Mo ws

AS = (eq.2)

where Aw is the weight change of the specimen, wg the initial specimen weight, Mo the oxygen
atomic weight, and Mg denotes the molecular formula weight of the specimen. As shown in

Fig.6, the Ad values of BFM-X were found to increase gradually with increasing temperature

14
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from 200 to 900 °C in air. Throughout this temperature range, the variation of Ad for BFM-Ce
was the largest, indicating that more oxygen vacancies were produced with increasing
temperature. This suggested that the formation energy of oxygen vacancies in BFM-Ce was low,
which is expected to contribute to the improved oxygen permeability of BFM-Ce membrane.
However, please note that the oxygen ionic conductivity of perovskite-type oxide at specific
temperature predominantly depends on the formation energy as well as ion migration energy
barrier of the oxygen vacancy [39]. On the other hand, BFM-Ca and BFM-Zr had relatively
smaller variations of A9, indicating that less amount of lattice oxygen was released at high
temperatures and hence they may possess higher phase stability than BFM-Ce [40]. This could
be evidenced by the phase changes of BFM-X membranes subjected to a 3 vol.% Hy/Ar
treatment at 900 °C for 10 h. As shown in Fig. 7, the cubic perovskite phase of the treated BFM-
Ca and BFM-Zr membranes still remained with a small amount of metallic Fe (PDF# 87-0721)
and Bas;Fe,Oq (PDF# 25-1477) phases, respectively. In contrast, BFM-Ce exhibited a severe
degradation of the perovskite phase after Hy/Ar treatment, indicating a lower phase stability.
Therefore, it could be concluded that all of these three codoped BFM-X membranes exhibited
good phase stability under argon atmosphere, showing promise for oxygen separation from air.
However, rather than BFM-Ca and BFM-Zr, a severe phase degradation of BFM-Ce perovskite
occurred in a strongly reducing atmosphere (i.e. Ho/Ar), which may be attributed to the chemical

reduction of cerium ion.
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3.3 Electrical conductivity and oxygen permeation behaviors

The electrical conductivities of BFM-X were measured in air as functions of temperature.
For most of the OTMs, the electrical conductivity is usually at least one or two orders of
magnitude larger than the ionic conductivity.[41] Thus, the electrical conductivities of BFM-X
samples in air can be assumed to be the electronic conductivity alone. As shown in Fig.8a, the
conductivities of BFM-X membrane decrease gradually with increasing the temperature from
450 to 900 °C, which is due to the release of lattice oxygen and thereby partial annihilation of
electron defects. Among BFM-X membranes, BFM-Ce has the highest conductivity, probably
attributed to the Zerner double exchange via Ce*" and Ce**.[26] The lowest conductivity of
BFM-Ca may result from the impurity phases and B-site cation deficiency because of A-site
substitution of Ca dopant deduced from the XPS studies in Fig.2.

The oxygen permeation flux was measured on the BFM-X (X= Zr, Ce, Ca) membranes
with 1.0 mm thickness under conditions of 50/250 cm’ min™' cm™ Ar/Air oxygen partial pressure
gradient, as shown in Fig. 8b. The mechanical strength of BFM membranes was very poor,
which did not allow us to measure the oxygen permeation performance. For all BFM-X
membranes, the oxygen permeation fluxes increase with increasing temperatures, indicating a
thermal activated process of the oxygen permeation. Among these membranes, the oxygen
permeation flux of BFM-Ce membrane exhibits the highest value in the temperature range from
800 to 1000 °C, which is in accordance with the highest electrical conductivity as shown in Fig.
8a. Comparing BFM-Zr and BFM-Ce membranes, the higher oxygen permeability of BFM-Ce is
probably attributed that the lower valence Ce’ ions in BFM-Ce facilitate the formation of
oxygen vacancies and enhance oxygen ion conductivity in the membrane. This is supported by

the previous study about the effect of Ce doping on oxygen permeability of BaFe; «CexOs 5 [18].

17
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In the case of BFM membrane doped by Ca®" (ionic radius = 1.0 A), BFM-Ca membrane
exhibits the lowest oxygen permeation flux, which may be related to A-site substitution of Ca
cation in BFM-Ca structure as inferred in Fig.2, resulting in the formation of B-site cation
deficiency and impurity phases for low mixed conductivity. Accordingly, the activation energies
for oxygen permeation of BFM-X membranes decrease in the order of Ca > Zr > Ce, having an
opposite behavior of oxygen permeation rate (Fig. 8c). Especially for BFM-Ce, it has a lower
activation energy for oxygen permeation than 5% Ce-doped BaFej9sCeg0sO3-5 [18], which is
expected to result in a higher oxygen permeability under the same experimental conditions. It is
concluded that BFM-Ce membrane exhibits the highest oxygen permeability among BFM-X
membrane, probably due to the increase in oxygen vacancies because of multiple oxidation state
of Ce ions.

The long-term stability of BFM-Ce membrane was then investigated at 900 °C under an
Air/Ar gradient. The oxygen permeation flux can remain at about 0.9 cm® min cm™ for about
150 h with no obvious degradation, as shown in Fig. 8d, indicating the good long-term structural
stability of BFM-Ce material. In contrast to easy decomposition of cobalt-based perovskite
membranes,[ 1] the BFM-Ce membrane displays a high stability with good long term operational
reliability. These results support that BFM-Ce is a promising oxygen permeation membrane

material for air separation.

18
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Zr, Ce and Ca) with 1.0 mm thickness (Fy; = 250 cm® min™, Fa, = 50 cm® min™). ¢) Variation of
the calculated activation energies and oxygen permeation fluxes at 900 °C upon doping cation; d)
Long term oxygen permeation flux of the BaFepoMgp0sCeo0503-5 (BFM-Ce) membrane with

0.71 mm thickness at 900 °C.

4. Conclusions

B-site codoped BaFe)oMgp 05X0.05035 (BFM-X = Zr, Ce, Ca) perovskite oxides were
synthesized by the EDTA-citric acid combustion method. XRD results revealed that all dopants
can be incorporated at the B-site of BaFe9sMgo 0503.5 with reducing the mismatch between Ba
and Fe cations, as a result, the phase transformation from cubic to hexagonal perovskite structure
at room temperature was effectively prevented. In particular, Ca 2p XPS spectra of BFM-Ca
suggested that the relatively larger calcium ion may occupy both the A- and B-site of
BaFej9sMg 05035 lattice. All the codoped BFM-X oxides exhibited good phase stability under
argon atmosphere without any phase changes, as verified by XRD, SEM and TG studies. TG
analysis also revealed the reduction of cerium ions from 4+ to 3+ in BFM-Ce, being associated
with its larger electrical conductivity and higher oxygen permeability. The lowest oxygen
permeation fluxes of BFM-Ca membrane is due to the ionic radii mismatch between Ca’" and
Fe*', leading to A-site substitution of Ca cations and B-site cation deficiency in BFM-Ca oxide.
Overall, among these codoped membranes, BFM-Ce gave the highest oxygen permeability and
good long term operation stability at high temperatures, thus it is recommended as a promising

membrane material for air separation.
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Highlights

Cobalt-free, Fe-based BaFeoMgp 05X0.0503-5 (X=Zr, Ce, Ca) perovskite oxides.

Only 5 mol.% of X ion substitution causes the phase change of BaFe 9sMgo 0503.5.

BFM-Ce gives the highest oxygen permeability in the investigated temperature range.

BFM-Ce exhibits good long-term operation stability under air/argon gradient.
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